D URING carotid endarterectomy temporary clamping of one carotid artery is necessary. If no shunt is used during clamping blood supply to the ipsilateral hemisphere must be maintained via the collaterals, particularly the anterior communicating artery. This raises for consideration the important question, . how low can the blood flow be reduced in this hemisphere during the 10 to 30 minutes of clamping without damage to the brain?
No matter how important it may be to define the critical limit of cerebral blood flow (CBF) below which irreversible brain damage results, experimental studies of this problem in man are clearly impossible for ethical reasons. Unfortunately, no precise inferences can be drawn from experimental studies in animals as they generally seem to tolerate cerebral ischemia better than man. Since 1966 regional cerebral blood flow (rCBF) has been measured using the Xenon-133 method during carotid surgery. The aim of the present paper is to sum up pathophysiologic correlation related to these rCBF studies to clarify the questions of critical flow gained from these studies.'-"
As an introductory comment it should be men-tolerated during hypocapnic hyperventilation. Although hyperventilation may be associated with impaired mental function,`" it seems not to give rise to permanent brain damage even when CBF is reduced by 50%.`' Cerebral vasoconstriction elicited by hypocapnia is a normal physiologic response with preservation of a normal cerebral perfusion pressure, and thus fundamentally different from the regional cerebral hypotension created by carotid clamping. It can therefore not be assumed a priori that similar reductions of CBF during carotid clamping would be safe. Recent data suggest that hypotensive cerebral ischemia leads to uneven tissue perfusion where parts of the tissue have almost no flow while other parts are relatively well nourished."' Inhomogeneous tissue perfusion explains why the oxygen content in the jugular vein may not be a good indicator of the regional metabolic state of the brain during carotid clamping.1'
It may also be mentioned that ischemic hypoxia is not comparable to arterial hypoxemia, where the CBF is increased above normal.'7 Thus, two frequently used models of cerebral hypoxia, pronounced hyperventilation and arterial hypoxemia, are not necessarily relevant to the situation of regional cerebral ischemia.
Anatomical studies show that the circle of Willis is anomalous or insufficient in a considerable percentage of individuals.'8 It is therefore not surprising that neurological complications may accompany carotid surgery in which the artery is clamped for 15 to 30 minutes. However, in addition, emboli may be dislodged from the atherosclerotic plaque as a possible cause of complications, a mechanism which cannot be ruled out in any single case. Therefore, evaluation of the critical CBF based on the occurrence of neurological complications cannot be considered conclusive, although suggestive, if the majority of complications coincide with low flow values. Another more speculative explanation is the assumption of microembolization as a frequent occurrence during carotid surgery, leading to tissue damage, when coinciding with periods of pronounced ischemia. With these reservations in mind we shall present evidence of what appears to constitute the critical lower level of cerebral blood flow in the human brain during short intervals of low flow encountered during carotid surgery.
In the combined group of 29 patients from the Rome study, and 66 patients from the Copenhagen study, rCBF data before and during carotid clamping were analyzed. Among 37 cases with no or negligible reduction of rCBF during clamping only two complications occurred. One was thought to be due to postoperative embolization as retinal emboli were found postoperatively; the other was ascribed to a severe but transient drop in blood pressure to 30 mm Hg on awakening from anesthesia. Among 58 cases with significant reduction of rCBF (5 ml/lOOg. min or more) during carotid clamping 13 complications occurred. Two of these were ascribed to emboli: one case was evidenced by sudden EEG changes during exposure of the artery; the other case developed sudden hemiparesis half an hour after uneventful recovery from anesthesia. In the remaining 11 cases, in which there were no reasons for suspecting emboli, rCBF during clamping ranged from 5 to 28 ml/100g min with a mean of 15 ml/lOOg. min. In the majority of low flow cases the duration of reduction of flow due to clamping was short, in the order of 5 to 10 minutes, because prompt temporary bypass was inserted to restore the circulation.
Recent investigations of the relation between rCBF and EEG seem to permit a more precise definition of minimally acceptable levels of flow. Trojaborg and Boysen12 found slowing of the EEG when rCBF during carotid clamping was reduced to the range of [16] [17] [18] [19] [20] [21] [22] ml/lOOg. min and EEG flattening in the flow range 11-19 ml/lOOg . min. In this earlier study rCBF was calculated from a less reliable relationship between rCBF,, and the initial slope of the semilogarithmic curve.5 For low flows this method overestimates those flows which require longer times for clearance and hence yields higher values than the generally used "rCBF initial.-'-For the two flow ranges mentioned above corrected values would give levels of circa 12-18 and 7-15 ml/lOOg.min, respectively.
When EEG changes occurred the internal carotid stump pressure (measured in the internal carotid artery distal to the clamp) was below 50 mm Hg. In a similar study Sharbrough et al."3 found major focal EEG changes when rCBF was reduced to or below 17 to 18 ml/100g.min. The EEG changes probably indicate insufficient oxygen to meet the regional metabolic demands of the tissue with subsequent reduction of the cerebral metabolic rate. Studies in experimental animals demonstrate that cerebral ischemia of a degree comparable to that leading to EEG changes in man is fully reversible within hours.9, 20 The clinical data discussed above suggest, however, that such cerebral ischemia may lead to more irreversible neuronal damage within 5 to 10 minutes in the elderly arteriosclerotic patient. In keeping with these results Hays et al.2`found that neurological complications occurred after only 5 to 10 minutes of arterial clamping when the internal carotid stump pressure was below 50 mm Hg.
Our present knowledge about the critical lower level of CBF may thus be summarized: in the normothermic, normocapnic or slightly hypocapnic halothane-N20 anesthetized patient the critical level is 18 ml/lOOg1min. This degree of cerebral ischemia may lead to neuronal damage when persisting for more than 5 to 10 minutes. As the clinical criterion of complication includes slight and reversible symptoms, the critical lower level here given is a cautious estimate. We do not consider it justified, however, to conclude on the basis of clinical reversibility that no neurons were damaged. The safest estimate must be based on the absence of neurological symptoms.
Let it be emphasized that the critical CBF level given here relates to the clinical condition stated above, and to measurement by the Xenon-133 "rCBF initial" approach. The critical flow level may well be lower in conditions of extreme hypocapnia, hypothermia, barbiturate intoxication and in patients in whom severe brain damage has led to permanent reduction of steady-state CBF.
Concluding this brief survey a comment on intraoperative monitoring may be appropriate. Of the three methods to detect insufficient collateral blood supply during carotid clamping -EEG, rCBF and stump pressurethe latter is the easiest to perform and interpret. Unless the patient is chronically hypertensive a stump pressure of 55 mm Hg or above seems to suffice. At stump pressures below 50 mm Hg temporary bypass should be used.
